Surviving Ml plants derived from pollination with irradiated pollen were selfed to produce the second (M2) generation. in three quantitative traits, the means and phenotypic frequency distributions of the M2 populations were identical to that of the F2 population. In five major gene traits, all but six of the 244 M2 segregations were in the expected ratios is the F2's. Aberrant segregations produced both excess paternal as well as maternal phenotypes. There was no consistent trend of a "maternal shift" in the M2 generation that may render the technique of irradiated pollination useful by preferentially producing pure breeding maternal materials having a few specific paternal characteristics. Qverall, pollination with irradiated pollen in rice produced mainly normal hybrid progeny with very little heritable variations. These lack of responses in rice may be explained by the fact that rice pollen is relatively insensitive to irradiation on the one hand, and that the pollen genome is less able to accommodate mutational damage on the other hand. Thus, the rice plant is considered less amenable to the application of irradiated pollination as a practical breeding technique.
INTRODUCTION
The use of irradiated pollen to transfer single genes from the pollen parent to the seed parent in crosspollination was first proposed by Pandey (1975) . Subsequently, it was observed that when pollen was irradiated, the pollen nuclei were "pulverized" and the resultant nuclear "debris" was discharged onto the embryo sac and fused with the egg cells Grant et al., 1980) . On the basis of these observations, Pandey (1980a, b) further proposed that the method of pollinating plants with irradiated pollen could be used for "egg transformation", defined is the transfer of limited intact genes rather than the total pollen genome to the egg cell. He suggested that transformation could be the result of diploid parthenogenesis of the egg induced by irradiated pollen, followed by the incorporation of paternal chromatin during embryogenesis. In the companion paper, we reported the use of irradiated pollen of the rice cultivar Basmati, having dominant genetic markers, to pollinate the maternal cultivar Bellemont, having recessive markers Chin and Gordon, 1989) . In the first generation, Present address: CSIRO, Division of Plant Industry, GPO Box 1600, Canberra, ACT 2601, Australia. all the Ml progeny were either normal hybrid plants indistinguishable from the Fl controls, or were hemizygous recessive plants in which certain dominant paternal alleles were lost. This reduction in the transmission of paternal alleles was accompanied by morphological mutations and sterility. In total, 17,626 rice florets were pollinated with irradiated pollen but not a single Ml plant was found to contain only one or a few paternal traits of the pollen parent in a largely maternal genetic background. Therefore, "egg transformation" by irradiated pollen was not shown to have occurred in the rice plants.
It has been suggested that pollination with irradiated pollen may nevertheless be useful in practical plant breeding by causing a shift in the segregation ratio towards the maternal phenotypes in the second (M2) generation. This effect was observed in barley, (Powell et al., 1983) and wheat, (Snape et aL, 1983) . Compared to backcrossing, this could be a quicker method to produce pure breeding maternal progeny with a few specific paternal characteristics. This issue of "maternal shift" will be addressed in this report of the genetic consequences of pollination with irradiated pollen in the M2 generation of rice plants. 
RESULTS

Quantitative traits
The means and standard error of means of plan height, tiller number and number of days t These distributions are tested for departure from normality by two sample statistics (gi) and (g2) which measure skewness (asymmetry) and kurtosis (peakedness) respectively. Test of significance of gi and g2 are after Sokal and Rohif (1981) A negative significant gi indicates left-skew (L) and a positive significant gi indicates right-skew (R). A negative significant g2 indicates platykurtosis (having fewer items at the mean and at the tails than the normal curve) and a positive significant g2 indicates leptokurtosis (p), i.e., having more items near the mean and at the two tails). Student's I-test (t) of gi and g2
are either non-significant (ns) or significant at the 5 per cent level (*) S51 and S52 are approximated by 6/n and 24/n respectively where n is the number of plants sampled in each dosage treatment. The null hypotheses being tested are: H0: P1 = 0, and H0: P2 = 0. Results of these normality tests are shown in table 2. Examination of tables 1 and 2 shows that in plant height, all M2 means are not significantly different from the F2 means, except for the mean height of the 4 krad treatment. Again with the exception of 4 krad, the phenotypic frequencies of all the M2 populations are normally distributed like that of the F2, In the 4 krad treatment, two extremely dwarf plants were found (42 cm and 45 cm). These plants were responsible for the reduction of the overall mean height in the 4 krad treatment and they have caused the frequency distribution of this treament to be left-skewed and leptokurtic, i.e., having more items near the mean and at the two tails ( fig. 1(a) ). These dwarf plants can be interpreted as having descended from Ml parents which were harbouring damaged allele (s) from the irradiated pollen and dwarfness is revealed only when the damaged allele(s) are in homozygous condition in the M2 generation.
In both tiller number and the number of days to anthesis, all M2 means are the same as F2 means in general, except that the 2 krad treatment has less tillers than the F2's and that 6 krad from the first season of field trial had taken more days to flower than the F2's ( Table 4 shows that each dosage treatment only contains one aberrantly segregating M2 family.
There is no evidence that such families had occurred more frequently with increasing dosages. In addition, each aberrantly segregating M2 family is only affected at one of the four markers. There are four cases where the excess phenotype is dominant (paternal) and two cases where it is recessive (maternal). Therefore, radiation effects on the segregations of the major gene traits appear to be mild and random in the rice plants.
The frequency with which a maternal allele is transmitted from the Ml to the M2 generation can also be calculated from the M2 segregation data. with 2n -2 degree of freedom (n is sample size). Table 5 shows that the transmission frequency of maternal alleles in TXT and PHE are normal in all but one M2 family. The only exception being 184-2, descended from 6 krad dosage treatment. In this case, only about 24 per cent of the maternal allele for the leaf texture marker had been transmitted.
To further investigate the effects of this apparent paternal shift, all the members of this M2 family (184-2) were examined for meiosis. Normal meiotic processes were observed. These M2 plants were also selfed to produce M3 progeny which were assessed for leaf texture. M3 lines were either non-segregating or segregating in the expected 3: 1 ratio. The ratio between non-segregating M3 lines (descended from homozygous dominant or homozygous recessive M2 parents) and segregating M3 lines (descended from heterozygous M2 parents) was 6: 9. The expected ratio is 5: 10. Chi-square test for goodness-of-fit (0.07) is not significant at the 5 per cent level. Pandey(1975) had suggested in his original model that paternal shift in M2 segregations could be explained by assuming the Ml parent as being "triallelic" for a given marker, harbouring an additional allele from the irradiated pollen. In the present studies however, normal M2 meiosis and M3 segregations tend to rule out the likelihood of the presence of extra paternal genetic materials (as chromosome segments or chromatin fragments) in the genome of the Ml parent from which the M2 family 184-2 had descended.
In three polygenic traits, M2 means are the same as that of the F2 control, with only slight reduction in plant height in one dosage treatment and in tiller number in another treatment. The former variation was due to the presence of two unusual dwarf plants which themselves reflected the inheritance of mutational damage in the Ml parents after pollination with irradiated pollen, instead of the transfer of single genes from the irradiated pollen to these Ml parents. In both cases, the altered means are still considerably higher than the maternal means and a maternal shift is not observed. Pollination with irradiated pollen also did not alter the distributions of the phenotypic frequencies of the M2 populations compared to that of the F2 populations.
In five major gene markers, all but six of the 244 segregations examined are in the expected ratios. Variations are seen in both directions, segregating for excess paternal as well as maternal phenotypes and there is no consistent trend in favour of a "maternal shift". A paternal shift, such as those observed in the segregations of 1 krad (awning), 4 krad (anthocyanin) and 6 krad (leaf texture), was also reported by Daskalov (1984) and Davies (1984) without explanation. It is unlikely that this increase in the paternal allelic frequency illustrates the presence of additional paternal genetic materials transferred from irradiated pollen. This is because normal meiosis in the 6 krad M2 plants that had segregated for excess paternal phenotype in leaf texture, and normal segregations of the M3 progeny from these M2 parents were observed. Overall, irradiated pollination in rice has only shown very mild genetic effects in the M2 populations.
DISCUSSION
The "gene transfer" hypothesis
The hypothesis of limited gene transfer mediated by pollination with irradiated pollen has not been shown in the present investigation in the rice plants. This hypothesis is by now largely repudiated by other studies (Chyi and Sanford, 1985; Powell and Caligari, 1985; Raquin, 1985) and the present findings in rice are consistent with the conclusions of these reports. Instead of gene transfer, the probable mechanism of the rare effects of pollen irradiation in rice is induced mutations to the paternal alleles in the pollen genome which are then inherited by the Ml progeny after pollination, resulting in the production of hemizygous recessive, mutated and sometimes also sterile Ml plants.
Comparison with other studies
The overall effect of pollination with irradiated pollen in rice is that on the one hand, affected Ml plants are all sterile, and on the other hand, all the fertile Ml plants are unaffected, showing normal inheritance in the next two generations. These consequences are very similar to the effects of irradiated pollination in tomato (Zamir, 1983) ; are comparable to the effects on maize (Pandey, 1983) and tobacco (Engvild, 1985) ; and are very different to the effects on wheat (Snape et a!., 1983) and barley (Powell et al., 1983) . Unless otherwise stated, these references are used in the following discussions. It should also be noted that embryo rescue was performed in the barley experiments.
Firstly, seed set is inhibited by 20 krad in rice (this study), tomato and tobacco; by 10 krad in maize, 5 krad in wheat and 2 krad in barley. LD50
is 10 krad in rice (this study), 6 krad in tomato, 5 krad in maize and 12 krad in tobacco. Chromosome number, chromosome size, ploidy level and nuclear DNA content are some of the important biological parameters in determining the radio-sensitivity of a species. Given the same radiation dosage, a species with more and/or bigger chromosomes, containing a higher DNA content, provides a larger number of target sites and is thus more likely to sustain a radiation hit (Lawrence, 1971 Cluster analysis was carried out using the hierarchical agglomerative procedure whereby classification proceeds by progressive fusion beginning with the individual species and ending with the complete population. This method is based on a measure of dissimilarity applied over all the selected attributes (Williams, 1976) . The dissimilarity measured (D2) ranges from zero for complete similarity to infinity for complete dissimilarity (Clifford and Stephenson, 1975) . For the four-by-six matrix, (D2) between any two species (ith and jth) is calculated by:
which is the sum of squares of the difference between two species over all the attributes (k's). The greater the difference between two species at each attribute, the greater the distance. Before calculating the D2, the raw data in .037 9 + 5 -10 2.298 0 + 6 -II 6.413 Figure 2 Dendogram for the cluster analysis of rice (R), tomato (Tm), barley (B), maize (M), tobacco (Th) and wheat (W), based on chromosome number, chromosome size, ploidy level and haploid nuclear DNA content. The analysis was done on the computer program "HACLUS", using the classification strategy of incremental sum of squares which minimizes the increase in the within group sum of squares, or IWGSS, after fusions.
means to zero and attribute variance to unity so that the contribution of each attribute is measured in terms of their variations instead of their absolute values (Sneath and Sokal, 1973) . Standardization, squared Euclidean distance, dissimilarity matrix and other calculations were all performed on the computer program "HACLUS" (see method). The classification strategy used was one known as "the incremental sum of squares" (ISS) in which the distance between two groups is defined as the increase in the sum of squares of deviation from the group mean after fusion as compared with the sum of the two within group sum of squares before fusion (Williams, 1976) . In other words, the ISS strategy seeks the fusion which minimizes the increase in the within group sum of squares (IWGSS) , (De Lacy, 1981) . Results of the cluster analysis are shown in fig. 2 . The six species appear along the X-axis and IWGSS appears on the Yaxis. The level of fusion progresses with increasing IWGSS. It can be seen that on the basis of the four given attributes, the species rice is very similar to tomato forming one group and barley is similar to maize forming another group. These two groups have more similarity between them than with the rest and are fused into one cluster. Of the two remaining species, tobacco is more similar to this cluster than is wheat which is most unlike all the other species. These proximity relationships among the six species correspond very well with the pollen irradiation responses of the respective species. At the one end of the scale is rice which has a high LD5() for seed set (10 krad) and at the other end the most sensitive species, wheat, with an LD50 of 15 krad.
No cytogenetic abnormalities and fewer hemizygous plants were observed in rice and tomato whereas they were more frequent in wheat and tobacco. Therefore, the relative lack of heritable variations observed in the present studies in rice could be explained in part by the greater radioresistance of the pollen genome and in part by the fact that induced genetic damages, when they occur, are most likely to be lethal due to the haploidy of the rice pollen.
Implications of the present study In terms of rice breeding, the method of pollination with irradiated pollen has not been promising: no transfer of limited genes in inter-varietal crosses has been shown; no haploid plants have been produced; and there has been no preferential production of pure breeding maternal materials which may have a few specific paternal characteristics. Finally, the fact that irradiated pollen has produced very little heritable variations also suggests that the technique may not even be useful in mutation breeding.
